Heat shock locus V (HslV; also called ClpQ) is the proteolytic core of the ATP-dependent protease HslVU in Escherichia coli. It has sequence similarity with the ␤-type subunits of the eukaryotic and archaebacterial proteasomes. Unlike these particles, which display 72-point symmetry, it is a dimer of hexamers with 62-point symmetry. The crystal structure of HslV at 3.8-Å resolution, determined by isomorphous replacement and symmetry averaging, shows that in spite of the different symmetry of the particle, the fold and the contacts between subunits are conserved. A tripeptide aldehyde inhibitor, acetyl-Leu-Leu-norleucinal, binds to the Nterminal threonine residue of HslV, probably as a hemiacetal, relating HslV also functionally to the proteasomes of archaea and eukaryotes.
Heat shock leads to increased levels of misfolded proteins. In response, Escherichia coli expresses ATP-dependent chaperones and complexes that appear to combine chaperone-like activity with proteolysis. The discovery of the operon hslVU (heat shock locus VU) (1) in E. coli under transcriptional control of a 32 -dependent heat shock promoter added protease HslVU to this class that already contained the cytosolic proteases Lon (La) and Clp (Ti) (2) . Protease HslVU (3) is a hybrid of Clp and the proteasome. The subunits of HslV and the ␤-subunits of the 20S proteasome of the archaeon Thermoplasma acidophilum are 18% identical in amino acid sequence, and, after processing, they both have a threonine at the N terminus (Fig. 1) . The regulatory caps HslU that contain the Walker consensus ATP-binding motif are highly homologous to ClpX from E. coli (4) . They seem to play the role of both the ␣-subunits of the 20S particle and the 19S caps. Unlike the situation in archaea, where the presence of the ␣-subunits is essential for assembly of the ␤-subunits (5), HslV assembles in the absence of HslU, and unlike the ␤-subunits in T. acidophilum, it forms a dimer of hexamers rather than heptamers as first shown by electron microscopy (6, 7) . In vitro, it has been shown that HslU stimulates proteolytic activity of HslV against casein (6) and small chromogenic peptides in the presence of ATP (8) . The range of small peptide substrates for HslVU appears to be rather limited. Z-Gly-Gly-Leu-AMC (7-amido-4 methylcoumarin) and some, but not all, hydrophobic substrates are degraded (3). Weak peptidase activity has been reported for HslV in the absence of HslU (9) . To our knowledge, tryptic and peptidyl-glutamyl-like activities, both present in eukaryotic proteasomes, have not been found in HslV.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification. Oligonucleotides 5Ј-CGAGGGCCCATATGACA ACTATAGTA AGCG-TACGCCG-3Ј and 5Ј-GCGTCGACT TAT TAGTGGT-GGTGATGGTGGTGGA AT TCCGCT T TGTAGCCTA- ATTCTTCGATGGTGTG-3Ј, derived from the published sequence (1), were used to amplify hslV by PCR from E. coli XL-1 Blue. The amplified fragment coding for HslV-EFHHHHHH was cloned into pET12b (Novagen) using restriction sites NdeI and SalI and was checked for correctness
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by double-stranded sequencing. For expression, the plasmid was transformed into E. coli BL21(DE3) cells. In a typical preparation, a 2l culture of these cells in LuriaBertani broth containing 100 g͞ml ampicillin was grown at 37°C until it reached saturation. Expression was induced by adding isopropyl ␤-D-thiogalactoside to a final concentration of 1 mM. Cells were harvested 4 hr later, the pellet was resuspended in buffer A (50 mM Tris⅐HCl͞300 mM NaCl, pH 7.7) and frozen at Ϫ20°C. All subsequent steps were done at 4°C, and all buffers were titrated to pH 7.7 unless stated otherwise. After thawing, 1 mg DNase I and 10 mg hen egg white lysozyme were added, cells were sonified, and cellular debris was removed by centrifugation (100,000 ϫ g, 1 hr). The supernatant was applied to a chelating Sepharose (Pharmacia) column (4.0 cm ϫ 2.5 cm) loaded with loading buffer (5 mg͞ml ZnCl 2 in 10 mM Tris⅐HCl, pH 6.0) and equilibrated with buffer A. The column was washed extensively, first with buffer A, then with 150 mM imidazole in buffer A. HslV-EFHHHHHH was eluted from the column with 500 mM imidazole in buffer A. As it was prone to aggregation in the absence of EDTA, EDTA was added to a final concentration of 5 mM before concentrating the protein by ultrafiltration with a YM10 membrane (Amicon). The concentrate was applied to a gel filtration column (120 cm ϫ 2.5 cm) packed with Sephacryl S-300 (Pharmacia) and equilibrated with buffer B (20 mM Tris⅐HCl͞ 300 mM NaCl͞1 mM EDTA͞1 mM NaN 3 ). HslV-EFHHHHHH migrated as a complex.
Crystallization and Data Collection. Crystals were grown at room temperature within a week to an approximate size of 0.5 mm ϫ 0.3 mm ϫ 0.2 mm by sitting drop vapor diffusion against a reservoir containing 100 mM Hepes͞NaOH at pH 7.5, 200 mM sodium acetate, 0.02% NaN 3 , and between 9% and 14% ethanol. Drops initially contained 2.5 l protein in buffer B at 10 mg͞ml and 2.5 l reservoir solution. The spacegroup of the crystals was P4 2 2 1 2 and cell constants were a ϭ 108.4 Å, b ϭ 108.4 Å, and c ϭ 103.2 Å. Derivatives with useful phasing power were obtained by soaking crystals overnight at room temperature with 2 mg͞ml europium chloride and 1 mg͞ml sodium ethylmercurithiosalicylate (thiomersal) in reservoir solution. To study inhibitor binding, a crystal was soaked for 18 hr with a saturated solution of acetyl-Leu-Leu-norleucinal (calpain inhibitor I). Data were collected in house with a Mar research imaging plate detector mounted on a Rigaku rotating anode x-ray generator, integrated using MOSF LM (10) , and scaled and merged using programs of the CCP4 suite (11). Structure Solution and Refinement. Self-rotation using GLRF (12) showed that the 6-fold local axes of the particles pointed in [110] and [11 0] directions. Crystal packing arguments suggested, and heavy atom positions, as determined and refined using PROTEIN (13) , confirmed, that the local 6-fold axis and one local 2-fold axis of HslV coincided with 2-fold crystallographic axes, so that three subunits of hslV related by local 3-fold symmetry filled one asymmetric unit. Combined phase information from thiomersal and europium chloride derivatives, after 3-fold averaging and solvent flattening using DM (11) yielded an excellent map that was easily interpretable in terms of the molecular architecture (Fig. 2) . FRODO (14) was used to build the initial model. Coordinates were refined using X-PLOR (15), with parameters as described by Engh and Huber (16) . Model and derivative phases were merged to compute a new density that was averaged using MAIN (17) applying symmetry operators derived from the refined coordinates. The model was then rebuilt manually and the procedure repeated, including in later stages noncrystallographic symmetry (NCS) restrained refinement of individual isotropic B factors (Table  1) .
RESULTS
The crystal structure of HslV shows that the dodecamer forms a proteolytic chamber (Figs. 3 and 4) . The subunit fold is the same as in T. acidophilum (18) (Figs. 5 and 6) . A look along the 6-fold axis shows that secondary structure elements in each subunit cluster in four planes roughly perpendicular to the 6-fold axis. Helices H1 and H2 protrude furthest toward the observer. ␤-strands S3, S4, S5, S6, and S7 and ␤-strands S9, S2, S1, and S8 form the second and third layer, respectively. ␤-strands are antiparallel within one layer and tilted with respect to the ␤-strands in the other layer. The last layer, at the interface of the two rings, is made of helices H3 and H4. The only major differences in structure between the T. acidophilum ␤-subunits and HslV are due to deletions and insertions in the amino acid sequence of HslV.
A deletion of six residues in the turn between helices H1 and H2 around residue 70 tightens this turn. Similarly, the transition between strands S5 and S6 is short-cut in HslV by a deletion of three residues. Most prominently, HslV completely lacks strand S10 and helix H5. Helix H5 is also absent in two ␤-type subunits of the yeast proteasome (19) and much shorter in a third one. The extension of strand S9 in HslV seen in Figs. 5, 6 and 7 is a cloning artifact. In the crystal lattice, the extra eight residues of the tag form a parallel ␤-sheet with neighboring strands.
The HslV sequence contains one short two-residue insertion, helix H2A, that lines the entrance to the particle. Its 19-Å diameter, as measured between C ␣ carbons, is slightly larger than the 17-Å diameter of the ␣-ring and significantly smaller than the 27-Å diameter of the ␤-ring opening of the archaebacterial proteasome. The loops that line the entrance are stabilized by cis-intersubunit contacts (Thr-89, Asp-90, and Met-93). A second site of cis-contacts is between the N terminus of S7 (Gly-117 and Asp-118) and the N terminus of helix H1 (Thr-49 and Ala-50), a third one between the C-termini of strands S2B (Lys-28, Gly-29, and Asn-30) and S7 (Val-120, Gln-121, and Glu-123). Trans-contacts are H3-H3 and H3-H4 contacts and contacts around the dyads (Asp-24, Thr-25, and Val-26 with Asp-164, Ile-165, and Ile-167). These contacts are very reminiscent of the ones in T. acidophilum (Fig. 7) , and again there are narrow side windows in the wall of the particle at the site of binding of calpain-inhibitor I, acetyl-Leu-Leu-norleucinal.
The bound tripeptide aldehyde (Figs. 2 and 5) extends strand S1 and runs antiparallel to strand S2A to which it is hydrogenbonded in an arrangement similar to the one seen in the proteasome complexes of T. acidophilum and yeast. The electron density is compatible with the formation of a hemiacetal with Thr-1 as had been shown in the yeast proteasome at higher resolution. In HslV, the S1 pocket, which accommodates the norleucine side chain at P1 has an apolar character by Phe 45, Val-31, and Thr-49. It is spacious to accept large side chains. P2 makes no contacts with the central chamber, P3 binds in a characteristic pocket well suited for basic residues that is formed by Met-27 and by Thr-114, Asn-116, and Asp-118 of a neighboring subunit in the same hexamer. 
DISCUSSION
HslV differs prominently from archaebacterial and eukaryotic 20S proteasomes in subunit assembly. Unlike these proteasomes, that are four-ring structures displaying 7-fold or pseudo-7-fold symmetries, HslV is a dimer of two hexameric rings stacked head to head.
We attribute assembly into a dimer of hexamers and not into a dimer of heptamers to several extrinsic and intrinsic factors. In the T. acidophilum proteasome, the ␤-subunits assemble only in the presence of the ␣-subunits and the 7-fold symmetry could be enforced by the latter. It is intriguing that the very residues 68 to 73 that are missing in HslV make the most prominent contacts between the ␣-and the ␤-subunits in T. acidophilum. In proteasomes of T. acidophilum, the peripheral depressions of the heptameric ␤-rings are filled by the Cterminal helices in an antiparallel arrangement. Their absence in HslV might allow a tighter packing and a smaller hexameric ring size (Fig. 6 ). Other more sequence specific contacts will contribute to stabilize the different quaternary architectures.
The entrance to the proteolytic chamber of HslV is slightly wider than the one to the ␣-chambers and more constricted than the one to the ␤-chambers of the T. acidophilum proteasome. Helix H2A, that lines the channel into HslV, is absent in the ␤-subunits of the T. acidophilum proteasome and corresponds to an insertion also seen in the ␣-subunits of the T. acidophilum proteasome. The extra helix is probably necessary to protect normal proteins from entry into the proteolytic core, especially because HslV lacks the antichamber that is present in the archaebacterial proteasome.
Binding of calpain inhibitor I in the proteolytic chamber of HslV occurs at Thr-1, in line with results obtained for the T. acidophilum proteasome, that identify Thr-1 O ␥ as the nucleophile. Thr-1 O ␥ is in close proximity to Lys-33 N , suggesting a role for this conserved residue in the activation of the nucleophile. The effect is probably indirect and mediated electrostatically, if, as suggested for the T. acidophilum (18) and yeast (19) proteasomes, the proton acceptor for the Thr-1 O ␥ is Thr-1 N. Thr-1 N appears to be hydrogen-bonded to Ser-129 O ␥ . The serine, that is conserved from eubacteria to eukaryotes, may be necessary to control protonation of Thr-1 N, or it may be there to stabilize the orientation of the Thr-1 toward the substrate binding pocket. Thr-2, in contrast, points away from the inhibitor. Mutational studies (9) show that mutation Thr-1 3 Ala leads to a reduction of proteolytic activity, whereas mutation Thr-2 3 Ala abolishes activity, suggesting that the latter substitution results in drastic structural alterations.
To conclude, our results support a Thr-1-dependent catalytic mechanism for HslV. They show that HslV and the T. acidophilum proteasome share a similar subunit structure and similar intersubunit contacts. They confirm that HslV can be regarded as the eubacterial ancestor of archaebacterial and eukaryotic 20S proteasomes and that protease HslVU is an attractive model system for studies of ATP-dependent proteolysis in proteasome-related particles.
